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A B S T R A C T
Selection against invasiveness allows breeders to continue trading with plant cultivars when the wild species is
otherwise invasive. However, to ensure the benefits of a species over the medium-to longer-term, it is necessary
to determine whether the selected non-invasive traits are stable characters in the developed cultivars. This is
especially true for Opuntia ficus-indica which provides a variety of benefits, especially in the arid and semiarid
areas of the world. It does, however, also have a long history of invasion outside its native range, where it causes
a wide range of negative impacts. Since the 19th century, spineless cultivars of O. ficus-indica have been de-
veloped through plant breeding. Due to their lack of spines, these cultivars can be easily grazed by herbivores
and so are generally thought not to cause invasions. Spineless forms are currently widely cultivated worldwide.
Nevertheless, if these cultivars were to revert to the spiny form, they could lead to future invasions. We per-
formed germination experiments to explore the likelihood of reversion to spiny forms of nine common spineless
O. ficus-indica cultivars. All seedlings grown from spineless cultivars were spiny. Overall, we suggest that further
research and a risk analysis process for spineless O. ficus-indica cultivars should be developed.
1. Introduction
Plant breeding – i.e. the art and science of changing the traits of
plants in order to produce desired characters (Kingsbury, 2009) – aims
to manipulate the genetic patterns of plants in order to produce new
cultivars with higher market value (Anderson et al., 2006a). This ma-
nipulation includes controlled pollination or genetic engineering, arti-
ficial selection of progeny and the stabilization of the desired characters
throughout subsequent generations. Only those bred plants that main-
tain the desired characters will be considered a cultivar or variety
(Brickell et al., 2009). Often only traits improving adaptation to culti-
vation (e.g. pest resistance, or drought tolerance) or certain desirable
characters of the plants (bigger fruits or flower colour) are selected.
However, some breeding programs also include non-invasiveness as an
objective, aiming to create “non-invasive crop ideotypes” (Anderson
et al., 2006b).
Opuntia ficus-indica Mill. constitutes a classic example of such non-
invasive crop ideotype. Commonly known as prickly pear, O. ficus-in-
dica is a species from the family Cactaceae thought to be native to
Mexico. However, due to its extensive cultivation, its original
distribution is unclear (Anderson, 2001). O. ficus-indica was first in-
troduced outside its native range as a crop to Europe by European ex-
plorers in the 15th century, during their first return-trip from the
American continent (Sáenz, 2013). In the 17th century, as part of
European trade to new settlements, it was also introduced as food
supply in different areas of Africa, Asia and Australia (Sáenz, 2013).
Nowadays, O. ficus-indica is cultivated worldwide (e.g. in Egypt,
Ethiopia, France, Greece, Israel, Italy, Libya, Morocco, South Africa and
Turkey); with its fruits being a valuable source of nutrition for human
consumption and its cladodes (once treated by grinding the cladodes or
burning off its spines) being valuable as fodder for animals, e.g. camels
and other livestock (Zimmermann and Perez Sandy, 2004).
Unfortunately, the spiny Opuntia ficus-indica has become invasive in
many countries, such as Ascension Island, Australia, Ethiopia, Hawaii,
Madagascar, Mauritius, South Africa and Yemen (Zimmermann and
Perez Sandy, 2004). Its ability to survive in severe environmental
conditions (Nobel and Bobich, 2002), effective reproduction
(Mondragón-Jacobo and Pimienta-Barrios, 1995) and the absence of
natural enemies outside its native range have contributed to its inva-
siveness (Zimmermann and Perez Sandy, 2004). In the invaded areas,
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O. ficus-indica causes a wide range of negative ecological and socio-
economic impacts (Novoa et al., 2016). For example, it displaces the
natural vegetation, transforms the landscape, reduces grazing capacity
and hinders the movement of livestock and wild animals (Ueckert,
1997; Walters et al., 2011). In Australia, prickly pear infestations even
resulted in landowners deserting their land (Queensland Historial Atlas,
2010). Moreover, the spines of O. ficus-indica may injure people and
lead to livestock mortalities (Anderson, 2001; Walters et al., 2011). This
extreme variation between benefits and costs created a large conflict of
interests around the use and management of prickly pear (Beinart and
Wotshela, 2003; Novoa et al., 2015a).
Between 1907 and 1925, the horticulturist and breeder Luther
Burbank developed, through hand pollination, 60 cultivars of spineless
Opuntia ficus-indica, commonly known as cactus pear (Burbank, 2016).
These spineless cultivars are believed to have the advantage of being
non-invasive – i.e. it has been suggested that, without spines, they are
browsed by various herbivores hence regulating the population
(Zimmermann and Granata, 2002). Therefore, soon after their devel-
opment, the spineless cultivars of O. ficus-indica (presenting the same
benefits as the spiny original form but considered to have less negative
impacts and thus relieving conflicts of interests) were widely exported
around the world (Anderson and Olsen, 2015). The spineless cultivars
of O. ficus-indica are currently used as food, fodder, food supplement,
biofuel and for many by-products such as medicines, beverages and
cosmetics (Nefzaoui and El Mourid, 2010). In certain areas of some
African countries, such as Ethiopia, cactus pear has been reported to be
an important source of food and income during the dry season of the
year (Nefzaoui et al., 2010). In some countries, plantations of O. ficus
indica (both spineless and spiny) also support a flourishing dye industry
as the main host for the production of the carmine cochineal insect
Dactylopius coccus Costa (Zimmermann et al., 2009). Due to these
benefits, the spineless cultivars of O. ficus-indica were proposed as one
of the most appropriate crops for the development of sustainable agri-
cultural systems in the arid and semi-arid zones of the world (Nefzaoui
and El Mourid, 2010). Currently, new cultivars are constantly being
created and tested all over the world in order to improve the quality of
cactus pear (Inglese et al., 2002).
The spineless cultivars of Opuntia ficus-indica have been propagated
mainly through the rooting of cladodes as a result of their slow ger-
mination rates and growth from seeds (Lazcano et al., 1999). These
propagation events ensure that the spinelessness character will be
carried through to the offspring under vegetative (asexual) propaga-
tion. However, it is not known whether spinelessness is also stable when
O. ficus-indica is propagated by seeds (sexual reproduction). In fact,
despite being considered as varieties or cultivars, it is not known
whether some cultivars of cactus pear could revert back to their spiny
wild form (prickly pear) through cross pollination or gene recombina-
tion (Zimmermann and Perez Sandy, 2004). This could lead to future
populations of spineless cactus pear being spiny and thus not palatable
to herbivores and therefore potentially invasive, which could cause
conflicts of interests. Seeking a better understanding of this potential
issue and using South Africa as study case we explore, under controlled
conditions: (i) the reversion potential to spiny forms of nine spineless O.
ficus-indica cultivars commonly grown in South Africa (‘Morado’,
‘Gymnocarpo’, ‘Algerian’, ‘Sharsheret’, ‘Rossa’, ‘American giant’, ‘Skin-
ners court’, ‘Nudosa’ and ‘Zastron’), (ii) the effect of scarification on
their germination and early growth in order to understand the possible
role of animal ingestion and dispersal on their early establishment, and,
in order to understand the differences in performance between the
different cultivars, we (iii) compare the number of seeds per fruit,
germination rates and early growth of all cultivars, with that of the
spiny prickly pear.
South Africa is one of the hotspots of cactus invasions worldwide
(Novoa et al., 2015b). The threats of cactus invasions (especially of
invasions by Opuntia ficus-indica) in South Africa to biodiversity, eco-
system functioning, resource availability, national economy, and
human health have been recognized for well over a century (Walters
et al., 2011).
It is not clear when Opuntia ficus-indica was first introduced to South
Africa (Brutsch and Zimmermann, 1995). Annecke and Moran (1978)
presume that it was introduced to Cape Town in the early 18th century.
By the 1770s, O. ficus-indica was already well established and wide-
spread up to the north of Graaff-Reinet (a town in the Eastern Cape
Province of South Africa), and by 1942 about 900 000 ha of veld in-
festation were estimated within the Eastern Cape and the Karoo, the
semi desert region of South Africa (Annecke and Moran, 1978). In the
1980s, numerous methods of mechanical and chemical control were
tested to control prickly pear infestations throughout the country, but
without much success (Annecke and Moran, 1978). By 1932 a biolo-
gical campaign was launched using the cochineal insect (Dactylopius
coccus) and by 1937 the species Dactylopius opuntiae (Cockerell) was
introduced from Australia into the Eastern Cape (Paterson et al., 2011).
By the 1950s, 80% of the very dense infestations were cleared (Annecke
and Moran, 1978).
In 1983 the Conservation of Agricultural Resources Act (CARA)
declared Opuntia ficus-indica as a category 1 weed, which means that no
person was allowed to establish, plant, maintain, multiply, propagate,
import, sell, or acquire O. ficus-indica. In 2004, the National
Environmental Management: Biodiversity Act (Act No 10 of 2004) Alien
and Invasive Species Regulations (AIS) (2014) declared the spiny form
of O. ficus-indica (prickly pear) as a category 1b invasive plant, which
demands its control, removal and destruction if possible and no trade or
planting of prickly pear is now allowed in the country. However, its
spineless cultivars are exempted from this legislation and may legally
be cultivated and traded without legal objections. In fact, in 1978 a
South African Cactus Pear Growers' Association (SACPGA) was estab-
lished, which is still currently active (South African Cactus Pear
Growers’ Association, 2016).
2. Materials and methods
2.1. Seed collection and preparation
In January 2015, we collected seeds of 9 spineless cultivars of
Opuntia ficus-indica: ‘Morado’, ‘Gymnocarpo’, ‘Algerian’, ‘Sharsheret’,
‘Rossa’, ‘American giant’, ‘Skinners court’, ‘Nudosa’ and ‘Zastron’
(Fig. 1) – of which ‘Morado’, ‘Gymnocarpo’, ‘Algerian’ and ‘Skinners
Court’ are the most popular (South African Cactus Pear Growers'
Association, 2016). Overall, we collected 10 fruits (1 fruit per plant) per
spineless cultivar. All fruits were collected from the Waterkloof germ-
plasm collection, located in the Bloemfontein district, South Africa
(Potgieter and Mashope, 2009). Additionally, we collected 10 fruits (1
fruit per plant) of the spiny O. ficus indica from plants growing in the
wild outside the collection.
We cut each fruit open and extracted all the seeds. These were
washed with water for approximately 15 min and dried. A second wash
was done with a bleach solution (20% bleach + 80% water), after
which the seeds were dried and counted. Finally, the seeds of each fruit
were stored in two separate plastic bags (50% each for the scarified and
non-scarified treatments).
To simulate scarification, we prepared a 100ml solution of 25%
sulfuric acid and used it to scarify half of the seeds extracted per fruit by
washing them with the solution for 5min. All the seeds were then
rinsed again with water for approximately 15min and dried before
sowing.
2.2. Greenhouse experiment
We placed 200 pots (1L) filled with potting soil in the greenhouse at
the University of the Western Cape. We sowed a total of 5000 seeds in
200 pots: 25 seeds per pot, 10 replicates per cultivar, 10 cultivars (9
spineless + 1 spiny) and 2 treatments (scarified and non-scarified).
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We recorded the number of germinated seeds every second day over
17 weeks (i.e. until no new seedlings were found). Seven months after
sowing, we measured the root, shoot and cladode length of five random
seedlings per pot using calipers, and recorded the number of seedlings
that were spiny.
2.3. Germination indices
Using the germination data, we calculated the total germination rate
(Gt) and the cumulative rate of germination (As) per pot. These indices
are representative of the plant germination patterns (Hussain et al.,
2008). The germination rate (Gt) provides an overview of the germi-
nation process. It reports the germination capacity in each situation.
The equation used to calculate this is: Gt= (Ntx100/N), where Nt is the
total number of seeds germinated at the last measurement time and N is
the number of seeds used in the germination trial. The speed of cu-
mulative germination index (AS) indicates the cumulative speed of
germination in each situation. The equation used to calculate this is: AS
= (n1/1 + n2/2 + n3/3+ … +nz/z), where n1, n2, n3 … nz are the
cumulative numbers of germinated seeds at time 1, 2 … z throughout
the assay.
2.4. Statistical analysis
We analyzed all the data with the statistical program IBM – SPSS
Statistics 20 (SPSS, Inc., Chicago, IL). We conducted a t-test to explore
the effect of scarification on the germination and growth of each cul-
tivar. Additionally, in order to compare the number of seeds per fruit,
germination and early growth of each tested cultivar, we applied the
Kolmogorov-Smirnov test to check the normality of the data, and the
Levene test for homogeneity of variances to test their homoscedasticity.
The data met conditions of normality and homoscedasticity and thus we
analyzed it using a simple factorial analysis of variance (ANOVA) and a
Tukey test for multiple comparisons between cultivars.
3. Results
Our results showed a 100% reversion of all spineless cultivars back
to spiny forms (Fig. 2), except for the cultivar ‘Rossa’ that showed no
germination in any of the replicates or treatments. In general, germi-
nation rates and early growth tended to be higher in the scarified than
in the non-scarified treatment, with the exception of the spiny wild
cultivar, showing the opposite trend (Table 1).
All fruits contained a large number of seeds. The spineless cultivar
‘Nudosa’, however, had the largest number of seeds per fruit (Fig. 3a).
Additionally, the cultivar ‘Nudosa’ showed a significantly higher total
germination rate (Gt), cumulative rate of germination (AS) and early
growth than any other tested cultivar. On the other hand, the spineless
cultivar ‘Rossa’ showed no germination in either treatment (Fig. 3b).
The number of seeds per fruit, germination rates and early growth of
the spiny wild form were not significantly different than those of the
spineless cultivars.
4. Discussion
Zimmermann and Perez Sandy (2004) suggested that the spineless
Opuntia ficus-indica cultivars can revert to their originally spiny forms.
Results from our trials in a controlled environment support this theory
Fig. 1. Fruits of the 10 cultivars of Opuntia ficus-indica used in this study. Each spineless cultivar presents different fruit characteristics (e.g. colour, texture, or size).
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
Fig. 2. Spiny seedlings growing from seeds of spineless cultivars.
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as all tested seeds from the eight different spineless cultivars that ger-
minated resulted in spiny plants. This suggests that a risk analysis
process for spineless O. ficus-indica should be developed.
In addition, Ochoa et al. (2015) suggested that livestock and wildlife
play an important role in the germination of Opuntia ficus-indica – i.e.
ingested seeds are scarified with acid in the digestive tracts of the an-
imals, which improves the germination process of O. ficus-indica by
about 1.5 times (Potter et al., 1984). Our results indicated a tendency
towards higher germination rates and early growth of scarified seeds on
the tested spineless cultivars but, overall, scarification was not a re-
quirement for the germination of any of the tested cultivars. These re-
sults suggest that seeds that escape from cultivation, even if they are not
ingested by mammals, could germinate and therefore establish new
spiny populations.
Our results confirm that most cultivars of Opuntia ficus-indica gen-
erally produce large numbers of seeds per fruit (Reyes-Agüero and
Valiente-Banuet, 2006; Reyes-Agüero and Valiente-Banuet, 2006),
which not only improves the chances of dispersal and establishment,
but also limits the acceptability of cactus pear as a consumer product,
particularly to those unfamiliar with it (Felker and Inglese, 2003).
Therefore, one of the most important breeding objectives in the cactus
pear market is the development of low-seed or seedless cultivars (Felker
et al., 2002), which would also decrease their invasive potential, a
breeding objective that has not as yet been reached. Weiss et al. (1993)
suggested a high variability in seed numbers between cultivars. This
variability may be due to differences in the number of ovules or the
efficiency of fertilization (Janick, 1997). Accordingly, we found dif-
ferences in the number of seeds per fruit between the tested cultivars,
with the cultivar ‘Nudosa’ having the highest number. Therefore, ‘Nu-
dosa’ presents not only a higher establishment capacity than other
cultivars, but also lower benefits as food source.
Despite the large numbers of seeds per fruit and lack of requirement
for scarification of Opuntia ficus-indica, its asexual reproduction appears
to be more efficient than its sexual reproduction (Pimienta-Barrios and
Del Castillo, 2002; Reyes-Agüero and Valiente-Banuet, 2006; Reyes-
Agüero and Valiente-Banuet, 2006). In fact, our findings suggest that
the germination rates and early growth of most cultivars of O. ficus-
indica (including prickly pear), even tested under optimal temperature
and light conditions (Altare et al., 2006), are relatively low. Therefore,
despite its reversion to spiny forms when growing from seeds, lack of
requirement for scarification, and large seed numbers, the dispersal
potential of cactus pear is probably relatively low. This is especially
true for the cultivar ‘Rossa’, which, even under ideal conditions, showed
zero germination. Interestingly, ‘Rossa’ is one of the major cultivars of
cactus pear in Italy (Barbera et al., 1994). However, this is not true for
all cultivars. The spineless cultivar ‘Nudosa’ showed extremely high
rates of germination (100%) and early growth. Fortunately, the cultivar
‘Nudosa’ is one of the least planted cultivars of cactus pear (Potgieter
and Smith, 2006).
In conclusion, we strongly believe there is a need for further in situ
research to explore the limitations to seed production (e.g. obstacles to
pollination) and germination of spineless O. ficus-indica in the field or
the effects of biocontrol on the survival of its seedlings. Further research
could explain why the reversion to spiny forms does not occur more
commonly in the field, and further clarify whether there is a serious risk
of spineless O. ficus-indica plantations producing invasive spiny popu-
lations. Until these uncertainties are solved, we believe that in South
Africa, the National Environmental Management: Biodiversity Act (Act
No 10 of 2004) Alien and Invasive Species Regulations (AIS) should
consider the listing of cactus pear as a Category 2 weed – i.e. a de-
marcation permit is required to import, possess, grow, breed, move,
sell, buy or accept them as a gift.
Overall, the development of non-invasive cultivars through
breeding allows breeders to continue trading with plant species other-
wise invasive (Anderson et al., 2006a). However, our results show an
important example of the need to further determine whether developed
non-invasive cultivars offer reliable stability of the selected non-in-
vasive traits (Anderson et al., 2006b).
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Table 1
T-test results of the effect of seed scarification on the total germination rate (Gt), the cumulative rate of germination (AS) and the root, shoot and cladode length of 10
cultivars of Opuntia ficus-indica. The asterisks (*) indicate significant differences at 5% level between the scarified and non-scarified treatments. The numbers in
parentheses indicate the standard error. The dashes indicate nil germination.
Cultivar Treatment Gt AS Root (cm) Shoot (cm) Cladode (cm)
Nudosa Scarified 99.00 (1.00) 71.93 (1.06) 4.15 (0.51)* 2.15 (0.13) 2.83 (0.16)
Non Scarified 96.00 (2.31) 62.73 (5.94) 2.75 (0.38) 2.03 (0.10) 2.93 (0.19)
Gymnocarpo Scarified 23.00 (2.51)* 11.13 (2.46)* 3.07 (0.47) 1.68 (0.12)* 2.21 (0.24)
Non Scarified 6.40 (3.24) 3.63 (1.95) 2.93 (0.79) 1.04 (0.08) 1.96 (0.37)
Morado Scarified 20.00 (5.65)* 12.40 (3.89)* 2.18 (0.37) 1.91 (0.10)* 2.33 (0.24)
Non Scarified 5.60 (2.99) 3.12 (1.51) 2.00 (0.72) 1.14 (0.23) 1.78 (0.52)
Algerian Scarified 16.00 (3.57) 9.87 (5.05) 2.85 (0.38) 1.45 (0.13) 1.31 (0.18)
Non Scarified 14.40 (6.99) 7.41 (2.26) 3.20 (0.58)* 1.45 (0.11) 1.60 (0.25)
Sharsheret Scarified 12.80 (3.87) 14.40 (4.66) 2.75 (0.50) 1.33 (0.25) 1.02 (0.11)
Non Scarified 14.40 (4.66) 5.90 (2.44) 1.35 (0.24) 1.72 (0.15) 1.53 (0.26)
American giant Scarified 11.20 (6.37) 7.61 (4.26) 3.1 (0.48) 1.14 (0.06) 1.95 (0.20)
Non Scarified 8.00 (0.00) 6.36 (0.35) 3.68 (0.59) 1.26 (0.07) 2.38 (0.25)
Skinners Court Scarified 6.40 (1.60) 3.99 (1.10) 2.01 (0.65) 0.95 (0.10) 1.74 (0.42)
Non Scarified 4.80 (1.49) 2.33 (0.95) 1.30 (0.33) 0.80 (0.12) 1.17 (0.30)
Zastron Scarified 4.00 (0.00) 2.41 (0.23) 2.41 (0.68) 1.50 (0.25) 2.06 (0.31)
Non Scarified 4.80 (2.33) 2.11 (1.16) 1.6 (0.40) 1.26 (0.11) 2.17 (0.21)
Rossa Scarified 0.00 (0.00) 0.00 (0.00) – – –
Non Scarified 0.00 (0.00) 0.00 (0.00) – – –
Spiny Scarified 24.00 (2.82)* 16.05 (2.99)* 2.98 (0.40)* 1.70 (0.13) 2.17 (0.13)
Non Scarified 13.33 (1.33) 7.73 (0.34) 1.87 (0.30) 1.67 (0.24) 2.08 (0.28)
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